Today laser pulses with electric fields comparable to or higher than the electrostatic forces binding valence electrons in atoms and molecules have become a routine tool with applications in laser acceleration of electrons and ions, generation of short wavelength emission from plasmas and clusters, laser fusion, etc. Intense fields are also naturally created during laser filamentation in the air or due to local field enhancements in the vicinity of metal nanoparticles. One would expect that very intense fields would always lead to fast ionization of atoms or molecules. However, recently observed acceleration of neutral atoms [Eichmann et al. (2009 ) Nature 461:1261-1264 at the rate of 10 15 m∕s 2 when exposed to very intense IR laser pulses demonstrated that substantial fraction of atoms remained stable during the pulse. Here we show that the electronic structure of these stable "laser-dressed" atoms can be directly imaged by photoelectron spectroscopy. Our findings open the way to visualizing and controlling bound electron dynamics in strong laser fields and reexamining its role in various strong-field processes, including microscopic description of high order Kerr nonlinearities and their role in laser filamentation [Béjot et al. (2010) Phys Rev Lett 104:103903].
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dressed atom | atomic stabilization | strong-field ionization | Kramers-Henneberger approximation O ne of the most beautiful theoretical concepts of strong-field physics defies common intuition, which suggests that strong laser fields would always ionize atomic systems faster than weak fields, and argues in favor of the opposite effect-the atomic stabilization (1) (2) (3) (4) . Stabilization means that the ionization probability of the atom or molecule does not increase or even decreases with increasing the laser field intensity. The essence of the phenomenon is that the strong laser field and the Coulomb force work together to create a new effective binding potential. The new system-the laser-dressed atom-is stable against ionization. With the same principle, one can use strong laser fields to bind same-sign charges and create a "molecule without electrons" (5) . To get an idea about the origin and the shape of the effective binding potential for the electron in a superatomic field, recall that such field completely suppresses the potential barrier that normally confines the bound electron (Fig. 1A) . Now the electron can very quickly leave the atom and become almost free: Its motion is dominated by the oscillations in the laser field and its interaction with the ion is weak (Fig. 1B) . To take this weak interaction into account, it is convenient to move into the reference frame associated with the oscillating electron. The ion's potential seen from the electron's reference frame and averaged over its oscillations is called the Kramers-Henneberger (KH) potential (6) . The averaged potential well, although distinctly different from the original atomic potential, is indeed capable of supporting infinitely many bound states of the KH atom (Fig. 1C) . But should one believe this concept, borne out of the frame transformation?
Indeed, the new states are stable and physically relevant only if all the harmonics of the oscillating ionic potential-the terms which were zero on average-can be neglected. Although averaging over fast oscillations appears to be natural for sufficiently high frequencies in the extreme ultraviolet (XUV) range (see, e.g., refs. 7-9 for vacuum ultraviolet), typical of the new generation of light sources, the extension to the low frequency IR laser fields is not intuitive, with conflicting theoretical and mathematical arguments in favor (10-13) and against it (14, 15) .
Although the concept of stabilization and of the KH atom stimulated a lot of research about two decades ago (see, e.g., ref. 16 and references therein), so far the KH atom has existed only in the realm of theory. The lack of convincing experimental evidence has gradually quenched the theoretical activity. The whole story could have probably been forgotten by now if it were not for the circumstantial and seemingly disconnected experimental evidence obtained very recently. The most striking example is the experiment (17) reporting unprecedented acceleration of neutral atoms subjected to superstrong IR laser fields, at a rate of 10 15 m∕s 2 . This experiment, albeit indirectly, demonstrates the existence of stable atoms in superstrong IR fields. Another example is offered by paradigm-shifting results on the filamentation of ultrashort IR femtosecond laser pulses in the air without substantial plasma formation (18) , which implies surprising and unexpected stability of small molecules in the intense fields of the filament. The recent body of experimental data has prompted us to ask the following question: Is it possible to directly visualize the exotic electronic structure of the KH atom or molecule with a typical modern-day experimental setup? We show that not only is the KH atom a physically relevant object in strong IR fields, but also that its electronic structure can be unambiguously identified in the angle resolved photoelectron spectra obtained with standard femtosecond lasers and velocity map imaging techniques (19) . Most remarkably, we find that the KH-atom is formed and can be detected even before the onset of stabilization. Our analysis is done for an alkaline atom (potassium), where the required parameters are similar to those in recent experiments (20, 21) .
The Kramers-Henneberger Atom
To introduce the KH atom formally, consider the time-dependent Schrödinger equation (TDSE) describing the electron interacting with the core potential U ion ðrÞ and the laser field EðtÞ:
This equation can be rewritten in the oscillating reference frame with the help of well-known unitary transformation (see, e.g., ref. 22) , which is a quantum mechanical equivalent of the classical variable substitution r KH ¼ r − αðtÞe z ,
Here αðtÞ ¼ α 0 cosðωtÞ describes the electron oscillations with amplitude α 0 ¼ E∕ω 2 in the field EðtÞ ¼ e z E cosðωtÞ, linearly polarized along the z axis (unit vector e z ). One can always split the oscillating ion's potential in Eq. 2 into a time-dependent and a time-independent part:
where V 0 ðr KH Þ is the KH potential and V n ðr KH Þ (n ≠ 0) are the harmonics of the oscillating ion's potential (schematically shown in Fig. 1D ; see also ref. 23 ), responsible for the ionization and distortion of the KH atom. However, Eq. 3 does not imply that the bound states of the KH potential V 0 ðr KH Þ are physically relevant, because the rest of the terms in Eq. 3 cannot be always omitted. For example, the well-known Autler-Townes splitting of the resonantly driven bound states cannot be described by the KH potential [V 0 ðr KH Þ] alone. Another textbook example -the negative Stark shift of the ground state of an atom in a low frequency field-also contrasts the always positive ground state shift in the KH potential (see Fig. 1E ). Thus, several important questions arise: When do the KH states become physically relevant and can be directly visualized? Do the KH states become physically relevant only after the onset of the stabilization or is the stabilization not required? Can angular-resolved photoelectron spectra recorded in strong laser fields provide information about the spatial structure of these bound states?
In conventional photoelectron spectroscopy, the direct correspondence between the initial bound and the final continuum electron states is derived from the energy conservation, which is helpful only if the number of absorbed photons is fixed and known. This is usually the case for weak fields. In strong fields of short laser pulses different multiphoton pathways can lead to the same final energy; bound and continuum states are significantly broadened and shifted, making identification of spectral lines challenging, if not hopeless. This is especially true in the intense low frequency field regime (24) , where different multiphoton peaks often merge and the photoelectron spectrum becomes nearly continuous. However, the conventional spectroscopic approach may be recovered with the onset of the KH regime: If the harmonics of the oscillating potential responsible for ionization of the KH atom indeed become small, the levels of the KH atom and the spatial structure will be faithfully reproduced in the photoelectron spectra. However, because the emergence of the KH atom is expected at high field strength, significant ionization may already occur before the onset of this regime, leading to contamination of the useful photoelectron signal. Had the KH atom existed, this contamination could have completely hidden it from the experimental observation.
Results
We have chosen to look at the potassium atom interacting with a typical femtosecond laser pulse with 800-nm wavelength. The potassium ionization potential is only I p ¼ 4.34 eV and hence the superatomic intensity, which suppresses the binding potential barrier below the ground state energy (Fig. 1A) , is only I BS ≃ 10 12 W∕cm 2 (BS stands for "barrier suppression"). Thus, one can easily probe this atom experimentally at intensities several orders of magnitude higher than I BS . Because the 800-nm laser field is nearly resonant with the 4s-4p transition, the first significant modification of the bound states is related to the Autler-Townes splitting, clearly observed in the angular-resolved photoelectron spectra of potassium in the experiment (25) . Here we look at much higher intensities. We first solved the TDSE Eq. 1 to obtain the potassium photoelectron spectra for a 800-nm laser pulse with intensity I ¼ 1.4 × 10 13 W∕cm 2 , one order of magnitude higher than I BS . The laser pulse was smoothly turned on in six laser cycles to reach its peak intensity, which remained constant for the next 13 cycles followed by a smooth six cycle turnoff. The total duration of this "flat-top" pulse was 65 fs. Details of the calculation are given in Methods. Although the distinct spectral lines (rings) are clearly visible in the angle-resolved spectra in Fig. 2A , these lines cannot be directly associated with the potassium bound states by analyzing the symmetry of both the final continuum state and the initial bound state, their respective energies, and the number of absorbed photons. Are the KH states relevant for these spectra? To check this idea, we first found the eigenenergies and eigenstates of the KH atom (i.e., of the potential V 0 ). Next, we solve the TDSE in the KH frame, Eq. 2, starting with the KH atom already prepared in one of its eigenstates and smoothly turning on just a few harmonics V n (typically V 1 and V 2 ). (Further details can be found in Methods.) If all harmonics V n ðtÞ are strong, none of them can be neglected and the separation in Eq. 3 is neither relevant nor beneficial; converged results will not be achieved unless all harmonics are included in the calculation.
Ionization of the KH atom by the KH harmonics leads to the photoelectron spectra shown in Fig. 2 B and C. Because of the 4s-4p resonance we expect significant population of KH-4p state before the onset of the KH regime. Therefore, we show photoelectron spectra resulting from ionization of the KH atom initially prepared in the KH states 4s (Fig. 2B) and 4p (Fig. 2C) . The first harmonic V 1 is quite significant and leads to "multiphoton processes," including "wave mixing" between V 1 and other harmonics (it was sufficient to include harmonics V 2 -V 5 ). However even in this case, all the spectral lines in Fig. 2 B and C can be linked to the KH-bound states with a well-defined net number of photons absorbed. The essential argument in assigning the various lines is the symmetry of the initial bound and the final continuum states, which is accessible only with the angle-resolved spectra. The comparison of Fig. 2A with B and C shows that virtually all lines in the ab initio spectra have their twins in the photoelectron spectra of the KH atom. More detailed comparison is shown in Fig. 2D for electrons ejected along the laser polarization. It reveals remarkable agreement between the ab initio photoelectron spectra and the approximate KH spectra, which are explicitly relying on the existence of the KH atom and are uniquely linked to its bound states. We have assigned the prominent lines in the spectrum; see Fig. 2D . A strong signal coming from the 3D KH state is due to the two-photon population from the initial 4s KH state during the turn-on of the KH harmonics. Thus, at 1.4 × 10 13 W∕cm 2 the KH atom is already formed and can be directly seen in the photoelectron spectra; however, we do not expect stabilization for this intensity because the first harmonic V 1 is not small. Indeed, Fig. 3 shows the survival probability W s ¼ 1 − W i vs. intensity for a 65-fs, 800-nm, flat-top laser pulse. Beyond I ¼ 2 × 10 13 W∕cm 2 the ionization probability W i does not increase with the intensity, indicating the onset of the stabilization regime. In the "stabilization plateau" the atom is left in a multitude of Rydberg states after the end of the pulse. It points to the complex physics of stabilization, which is likely to involve both known mechanisms, the adiabatic KH-type stabilization (2) , and the interference stabilization (3, 4) , rather than only one of them.
A B C D Fig. 3 . Stabilization of the potassium atom in a superatomic field: survival probability vs. laser intensity for a 800 nm, 65-fs laser pulse.
Survival Probability
Is it also possible to observe the signatures of the KH atom in the stabilization regime? Indeed, after the onset of stabilization the ionization probability is low and the photoelectron spectrum could be dominated by the ionization events, which have occurred at lower intensities during the pulse turn-on. Fig. 4A shows potassium photoelectron spectra for a 5.6 × 10 13 W∕cm 2 , 800-nm, flat-top pulse. Note that in the conventional strong-field ionization the maximum in the photoelectron spectrum would generally shift to lower energies as the ionization threshold increases by the ponderomotive energy U p ¼ E 2 ∕4ω 2 (about 3.2 eV for the current conditions). An opposite effect would occur for the KH atom, where the ionization threshold decreases and the photoelectron peaks would shift to higher energies at higher intensities (see Fig. 1E ). Both trends can be seen in Fig. 4A : The low energy part of the spectrum (electron momenta jpj < 0.14 a:u:) is dominated by the signal coming from the relatively low laser intensities, where the KH atom is not formed yet. The size of this ring is determined by the ionization threshold for the KH atom-the continuum states within this ring cannot be populated in the KH picture.
† Outside this ring, the spectrum is in good agreement with the KH spectra shown in Fig. 4 B-D, corresponding to the ionization of the KH atom initially prepared in the KH states 4s, 4p, 3d, and 5s. Only KH harmonics V 1 and V 2 are included in this calculation. One of the most striking features corresponding to the high intensity regime is the appearance of a strong photoelectron signal at 90°(see Fig. 4B ). This signal results from "onephoton" ionization of 4f and 6p KH states populated due to bound-bound transitions between different KH states induced by the KH harmonics V 1 and V 2 . Our calculations show that absorption of one net photon from 6p KH state leads to the g wave in the continuum. This result indicates strong modification of the KH states at these intensities as the KH atom is stretched along the polarization direction of the laser field (see Fig. 1C ).
The modification results in admixture of high angular momentum components to the KH-bound states (e.g., 6p KH state can get admixture of f angular momentum components) and thus changes the angular distributions of the photoelectrons for the same net number of photons absorbed during bound-continuum transitions from the KH states. ‡ Importantly, the initial population of the KH states is very sensitive to the temporal shape of the laser pulse. Our calculations reveal that the relative population of the ground 4s KH state strongly decreases for the Gaussian pulse of the same intensity and 20 fs duration full width half maximum. Fig 1E) , the first open ionization channel corresponds to a (net) two-photon transition, leading to photoelectrons with momentum jpj ¼ 0.18 a:u: For the 4p and 5s initial states, the first open channel is also (net) two-photon, leading to jpj ¼ 0.25 a:u: and jpj ¼ 0.31 a:u:, respectively. Finally, for the 3d initial state, (net) one-photon channel opens, leading to photoelectrons with momentum jpj ¼ 0.14 a:u: All other initial KH states for any (net) number of absorbed photons will lead to higher photoelectron momenta. Thus, no photoelectrons with jpj ¼ 0.14 a:u: are expected in the perturbative KH picture. ‡
The spatial part of the KH harmonics is also stretching along the polarization direction of the laser field with the increase of the intensity (see Fig. 1D ), and this modification may contribute to the same effect.
Outlook
We have shown that the KH states become physically relevant and can be directly visualized even before the onset of the stabilization regime. They appear in the photoelectron spectra when the laser field exceeds the barrier suppression field and the oscillation amplitude α 0 is larger than the characteristic size of the system. These conditions are easily satisfied for alkaline atoms in their ground states. We expect that the formation of KH states has important implications for many strong-field phenomena. It modifies the famous recollision paradigm (26), complementing the picture of electron escape upon recollision by the possibility of populating stable closed orbits, with multiple "recollisions" leading to bound electron motion. Thus, the importance of "long" trajectories and multiple returns in the characteristic features of the photoelectron spectra associated with the socalled "channel closing" (27) (28) (29) can also be the manifestation of the KH-bound states. Bound KH states should play an important role during laser pulse filamentation in the air. Although the ionization potential of small molecules in the air is higher than that of the potassium atom considered here, even moderate laser fields with intensities approximately 10 13 W∕cm 2 suppress the potential barrier for all excited states of these molecules and lead to the formation of stable KH states. Recently it has been shown (18) that contrary to common intuition filamentation does not require strong ionization and plasma formation. The presence of bound KH states may explain this result. Even when the laser frequency is much less than the ionization potential, the electron response in such KH states is mostly determined by the linear susceptibility of the free electron, χ ¼ −1∕ω 2 , providing the desired defocusing for the filament beam, yet the electron is bound and thus the plasma is not formed. The efficiency of populating the KH-bound states strongly depends on the temporal structure of the filament field. This structure is very complex; the field is strongly chirped and may have very steep rise, favorable for the efficient population of the KH states. The stability of atoms in the filament field will also strongly depend on the duration of driving laser pulses. Although we are certain that the exotic physics of the KH atom is important in understanding laser filamentation in the air, specific analysis is required to identify its exact role in this phenomenon.
Methods
Electron dynamics in the potassium atom is modeled within a single active electron approximation. The influence of the inner electrons is treated with a multiplicative effective potential. Spin-orbit coupling and other relativistic effects are neglected. One-electron potentials for the potassium atom are well-known (30) (31) (32) , and can accurately reproduce its spectroscopic (30) and scattering (33) properties. The potentials (30) (31) (32) faithfully reproduce the radial nodal structure of the valence states and require dense numerical grids close to the nucleus to support the inner-shell solutions. At the same time, the strong-field ionization dynamics of the valence electron is primarily determined by outer parts of the wave function and can be accurately modeled by nodeless valence pseudo wave functions (34) . We have therefore chosen to represent the potassium atom using an effective potential:
The u eff parameters were adjusted to reproduce experimental average energies of the 4s, 5s, 6s, 4p, 5p, 3d, 4d, 4f , and 5g multiplets, with the residual root-mean-square error of 0.07 eV. Despite the lack of the inner radial nodes, this potential yields adequate transition dipole matrix elements [e.g., h4sjzj4p z i ¼ 3.01 Bohr vs. 2.91 Bohr in experiment (35, 36) ]. The KramersHenneberger potential and its harmonics (Eq. 3) are evaluated numerically, using 1,000th-order Gauss-Legendre quadrature. Three-dimensional stationary and time-dependent solutions of the oneelectron Schrödinger equation are computed in cylindrical coordinates (37) . Stationary solutions are determined using Lanczos iterations. Timedependent solutions are obtained using real-space leap-frog propagation with time step of 0.002 a.u. on a grid extending to 700 Bohr from the origin. In all cases, uniform grid spacing of 1 a.u. was used. This grid density is sufficient to represent both the stationary and time-dependent solutions for the valence-only effective potential and laser field parameters used here. For example, the KH-state energies for α 0 ¼ 0 (Fig. 1E ) agree with numerically exact results to within 0.01 eV rms error. A reflection-free absorbing boundary (38) is used at the simulation volume edges (starting at AE635 Bohr for simulations of photoelectron spectra). The survival probability W s is defined as the total population of the bound states after the end of the laser pulse. Because we use absorbing boundaries (for this simulation smooth boundary starts at AE70 Bohr from the core), the norm of the wave function is not conserved: The continuum part of the wave function is absorbed. We calculate the survival probability as the total norm of the time-dependent solution of the Schrödinger equation within a 100-Bohr simulation volume, 13 cycles past the end of the pulse, when the changes in its norm become negligible. Photoelectron spectra are evaluated with Fourier-Bessel transformation of the final real-space wave functions outside the inner region after a waiting time of about 34 fs after the pulse turnoff. The inner region is defined by a real-space mask function f mask ðrÞ ¼ 1∕ð1 þ expððr 0 − rÞ∕dÞÞ, with r 0 ¼ 100, d ¼ 7 Bohr.
Note Added in Proof. Stabilization of silver atoms in low-frequency fields has recently been analyzed in ref. 39 . The same authors have also pointed out the important role of Rydberg states in nonlinear response of atoms during laser propagation in gases (40) ; see also ref. 41 .
